INTRODUCTION
Kiwifruit (Actinidia chinensis) is known as ''the king of fruits,'' with a remarkably high vitamin C content and a balanced nutritional composition of minerals, fiber, and some health-beneficial metabolites, which are essential for human health (Seddon et al., 1994; Fraser and Bramley, 2004) . Kiwifruit is a member of the family Actinidiaceae, consisting of 3 genera and around 360 species (Anderberg et al., 2002) , most of which are economically and nutritionally important crops. Actinidiaceae is commonly known as the Chinese gooseberry family and is the basal family in the order Ericales, which is one of the earliest orders to diverge from the asterids and shares the core-eudicot common hexaploidization (ECH).
Polyploidy plays an important role in the evolution of land plants, contributing to their origin and diversification (Paterson et al., 2004; Soltis et al., 2008; Jiao et al., 2011) . Because of recursive polyploidization and genome repatterning, plant genomes are often considerably complex, hindering the efforts to understand their formation and evolution, and explore functional innovations of genes. The kiwifruit genome has a large number of collinear regions, which often are shared with other plant genomes. It was proposed that 2 wholegenome duplication events occurred during kiwifruit genome evolution (Tao et al., 2010; .
However, the ancestral ploidy of kiwifruit has not been very clear because of the lack of deep exploration. Here, by using our newly proposed pipeline to unravel hierarchical genomic homology reconstruction, we performed a comprehensive analysis of the kiwifruit genome with grape and coffee genomes as outgroup references, produced a list of orthologous and paralogous genes, and explored the outcomes of genomic fractionation. Besides, the present effort provided an important comparative genomics resource for further biological exploration in the Actinidiaceae and related families.
an effective way to evaluate genomic blocks of collinear genes. The grape and coffee genomes were used as outgroup references because these genomes are relatively simple and have been affected only by ECH. Thus, we also inferred collinear genes within each of these genomes and all 3 genomes (Tables S1 and S2 ).
Kiwifruit has a much more highly preserved intragenomic homology than either grape or coffee genomes (Tables S1 and S2 ). We revealed 964 homologous blocks with R4 collinear genes, containing 9,998 collinear gene pairs in total. At the same parameter setting, we found 214 and 279 homologous blocks in grape and coffee genomes, containing 2,099 and 2,502 collinear gene pairs, respectively. The number of homologous genes in kiwifruit was about 4-5 times as many as those in grape and coffee, supporting the fact that the kiwifruit genome has undergone additional polyploidy events.
As to intergenomic gene collinearity, 1,631 blocks containing 18,626 collinear gene pairs were revealed between kiwifruit and grape and 1,869 blocks containing 18,869 collinear gene pairs were revealed between kiwifruit and coffee, showing similar collinearity between kiwifruit and the 2 referenced plants (Tables S1 and S2 ).
Evidence for Two Paleo-Tetraploidization Events
Our inference of ancient polyploidization features integration of sequence divergence and homologous gene dotploting. We first characterized the synonymous nucleotide substitutions on synonymous substitution sites (Ks) between the collinear genes inferred above. If all the Ks of collinear genes are pooled together, clustering analysis may result in absorbing effects. That is, a smaller cluster produced by one event (often an ancient one) would be covered by a bigger cluster produced by another event (often a recent one). Therefore, we calculated the median (relatively more stable than the mean) value of each block and used them to perform clustering analysis. The kiwifruit collinear blocks clearly produced 3 peaks (Figure 1A) , and a curve-fitting process located them at 0.164 (+/À0.093), 0.462 (+/À0.156), and 1.55 (+/À0.297), showing 3 events. Then by mapping gene sequence onto whole-genome-based similarity inferred by BLASTN, we constructed the homologous gene dotplot within kiwifruit genome ( Figure S1 ). We also mapped block median Ks values onto the dotplot. As to Ks and checking the dotplot, we could divide most of the blocks produced by 3 events, especially the longer blocks. In fact, if allowing the longer blocks to absorb their nearby smaller blocks, which could have been produced by genomic fractionation, we would distinguish all blocks by 3 events. Blocks produced by the most recent event covered 33.34% of the genomic DNA and 17.36% of total genes, and a covered region has a 1:1 correspondence, showing that it is tetraploidization. We called it as an Actinidiaceae recent tetraploidization (ART). Blocks produced by the mid-aged event covered 47.92% of the genomic DNA and 10.34% of total genes, and a covered region has a 1:1 correspondence, showing that it also is a tetraploidization event. We called it as an Actinidiaceae ancient tetraploidization (AAT). In contrast, we found that the blocks surely produced by the ECH covered 40.76% of the genomic DNA and only 6.96% of total genes.
To verify our inference of the 3 events ART, AAT, and ECH, we used grape as a reference to decipher kiwifruit genome, a rosid eudicot preserving the ECH-triplicated genome structure of a core-eudicot common ancestor. Besides, we used an asteroid plant, coffee, as another reference, which is more closely related to kiwifruit than grape and has not been affected by other polyploidizations after the ECH. Homologous gene dotplots generated from the BLAST results between genomes allowed us to locate the corresponding homologous regions and were used to distinguish orthologous regions, established due to the grape-kiwifruit split, and outparalogous regions, established due to different duplications (Figures 2A, S2 , and S3). We mapped the inferred median Ks values of each collinear block onto the dotplots ( Figure S1 ). Integrating the aforementioned 2 lines of information helps distinguish orthologous and outparalogous blocks. The grape chromosomes were denoted with blocks in 7 colors, corresponding to the 7 ancestral eudicot chromosomes before the ECH, therefore a grape genomic region mostly has 2 paralogous regions in the same color (Jiao et al., 2012) .
As to the Ks of grape-kiwifruit collinear gene pairs, there is a bimodal distribution, and therefore can be decomposed into 2 distinct distributions that have means (0.764 G 0.0802) and (1.034 G 0.405) ( Figure 1A ), corresponding to the orthologous genes (originated through their split) and outparalogous genes (through the common ECH), respectively. According to the median Ks value of each block, it was not difficult to distinguish the orthologous and the outparalogous blocks, especially for the long ones with R10 collinear genes. Allowing the long blocks to absorb the nearby short ones, whose Ks often change much, we inferred orthology and outparalogy for all the predicted collinear blocks (Figures S2 and S3 ). With the orthologous blocks, by relating them to the AAT and ART blocks in kiwifruit dotplot, as to their locations on kiwifruit chromosomes, we separated the orthologous regions produced by different tetraploidization. For certain outparalogous regions lacking collinear genes, due to widespread and complementary gene losses (Maere et al., 2005) , we transitively used the paralogy between grape chromosomes and orthology between grape and kiwifruit chromosomes to locate the regions where outparalogy should exist. The coffee-kiwifruit gene dotplot and Ks analysis revealed orthology and outparalogy between the 2 genomes (Figures 1, 2B , and S3). As expected, each grape or coffee genomic region often has 4 orthologous regions, 2 corresponding to the AAT and the other 2 to ART (Figure 3 ). These intergenomic analyses agree with the above inference of 2 sequential tetraploidizations in kiwifruit lineage.
Reconstructed phylogeny of homologous genes provided further support to 2 tetraploidizations in kiwifruit. We used 426 homologous groups, including a grape gene, its ortholog coffee gene, and at least 3 orthologous kiwifruit genes, to reconstruct gene trees. Actually, we successfully constructed gene trees for 311 (73.00%) homologous gene groups ( Figure S4 ), and the other groups were discarded due to insufficient sequence similarity. Checking the topology of these 311 trees, we found that 33 (10.61%) of them each involved 4 kiwifruit genes and were separated into 2 subgroups with each subgroup having 2 genes. This is just what is expected if 2sequential tetraploidizations occurred in the kiwifruit lineage.
Multiple Genome Alignment
The above-mentioned homologous gene dotplotting and Ks analysis distinguished orthology from outparalogy between genomes and the ART-, AAT-, and ECH-produced paralogous regions in kiwifruit. We retrieved detailed information of orthologous and (out)paralogous regions from the dotplots (Tables S3-S5) , and counted duplicated genes produced by different events. We found that the ECH event produced 1,505 collinear paralogous pairs, containing 2,150 genes in 188 regions; the AAT event produced 1,983 collinear paralogous pairs, containing 3,196 genes in 153 regions; and the ART event produced 2,753 collinear paralogous pairs, containing 5,366 genes in 95 regions. The number of ECH-related kiwifruit paralog genes was much smaller than the 3,866 genes found in grape. Although the ECH-related paralogs were much less in number, there were more than twice as many, but much shorter, ECH-related regions in kiwifruit as in grape, showing the occurrence of severe kiwifruit genomic fractionation (Table 1) .
Intergenomic homology is much better than intragenomic homology. For example, there were 9,322 (30.16%) kiwifruit genes (9,508 pairs in 309 blocks) having coffee orthologs, and 2,885 (9.33%) genes (3,259 pairs in 261 blocks) having coffee outparalogs; meanwhile, 8,923 (28.87%) kiwifruit genes (9,125 pairs in 402 blocks) had grape orthologs, and 4,324 (14.07%) genes (3,681 pairs in 367 blocks) had grape outparalogs. Similar findings appeared in the grape and coffee alignment. More information can be found in Tables S3-S5. With the grape genome as reference and by entering collinear gene IDs into a table, we constructed a hierarchical and event-related multiple-genome alignment (grape, coffee, kiwifruit), producing a table of homologous genes (Figures 4 and S5 ; Table S6 ). The table related paralogous genes in each genome and outparalogs between genomes to each polyploidization, and orthologs between genomes to their ancestral speciation (Figure 3 ). The table was translated to a whole alignment of the 3 genomes graphically (Figure 4) , and a slice of the genome-level alignment can be illustrated in a linear format to give a close view of genomic fractionation ( Figure 5 ). Moreover, to accommodate kiwifruit-specific genes with no grape collinearity, we constructed another homology table with coffee as reference ( Figure S6 ; Table S7 ), which further proved the paleo-tetraploidizations in kiwifruit (for details see Transparent Methods).
Genomic Fractionation
As described in the previous sections, we mapped the kiwifruit genes, e.g., the AAT-and ART-produced paralogs, onto the grape genome, making it possible to check possible gene retention or loss ( Figure S7A ). Notably, we found that after 2 rounds of tetraploidizations, kiwifruit preserved a high fraction of genes collinear to grape orthologs. Actually, different grape chromosomes had collinear gene retention rate of 74%-95% in each of their 4 sets of orthologous regions (Table 2 ). With regard to 2 sets of AAT paralogous (B) Gene phylogeny: three paralogous genes in the grape and coffee genomes are denoted by V1, V2, and V3, and C1, C2, and C3, respectively, produced by the ECH, and each has 4 orthologs and 8 outparalogs in the kiwifruit genome (e.g., V1 has 4 orthologs, K111, K112, K121, and K122 and 8 outparalogs, K211, K212, K221, K222, K311, K312, K321, and K322 in kiwifruit). The species tree is produced based on our present analysis of homologous genes.
regions, grape gene retention rates are very similar. For 12 of 19 grape chromosomes, the difference of their gene retention rates in 2 AAT paralogous regions is %0.05. This means that there exist 2 AAT subgenomes retaining similar numbers of ancestral genes. Actually, the retention rate difference between the subgenomes, noted as AAT-1 and AAT-2, with arbitrarily assigned paralogous regions is 4.3% (Table 2) . What is more interesting is that the gene retention rates between 2 sets of ART paralogous regions are just like the AAT regions. For 12 of 19 grape chromosomes, the ART paralogous regions have retention rate difference %0.05 (Table 2) , suggesting 2 subgenomes with balanced gene retention. The ART paralogous regions are therefore arbitrarily assigned to ART subgenome, noted as ART-1 and ART-2, displaying a whole-genome difference $2.2%.
We performed a scrutiny analysis of gene retention/loss using a sliding window along chromosomes. We found that, in nearly all local regions, with the exception of large patches of DNA losses in one copy of the duplicated chromosomes, genomic retention rates were often %0.05 ( Figures S8 and S9) . Actually, the difference observed at the chromosome level should have been caused by large patches of alternative segmental DNA losses due to genomic instability (Figures S8 and S9) . With the coffee genome as the reference, we obtained similar observation (Table S8) .
Modeling Genomic Fractionation
To explore the mechanism underlying genomic fractionation, we characterized the runs of continual gene deletions in kiwifruit when compared with the reference genomes (Wang et al., 2015) . Although there were patches of chromosomal segmental losses ( Figure S7 ), most of the runs of gene deletions were of 15 continual genes or fewer. A statistical fitness regression showed that deletion patterns followed a near geometric distribution ( Figure S7 ). With grape and coffee genomes as reference, kiwifruit had a gene deletion pattern following similar distributions (geometric parameter p = 0.252-0.299, the probability of deleting one gene at a time, and goodness of fit F-test p value 0.89 to accept the fitness). This showed that 38%-42% of genes were deleted containing one or two genes, suggesting a mechanism of fractionation removing short DNA segment about 5-10 kb DNA in length. It seems that short deletion runs accounted for the majority initially, and then recursive deletion runs overlapping previous deletions elongated the observed length of runs, as revealed by a much-diverged reference genome.
Evolutionary Rate Divergence and Dating
By checking Ks, we managed to estimate the occurrence times of the AAT, ART, and other evolutionary events, e.g., speciation. As distribution of Ks between paralogs or orthologs related to a specific event, fitting by using normal distribution function, and the locations of the means (or peaks) and their variances were determined statistically ( Figure 1A ; Table S9 ). As to the divergent locations of the common ECH in different distributions, we found that the evolutionary rates of kiwifruit and grape were similar and the slowest among the 3 genomes, with evolution of the coffee genome faster by 47.20%.
Divergent evolutionary rates among plants affect dating ancestral events. Here, based on a modified version of an approach that we previously developed (Wang et al., 2015 (Wang et al., , 2018 , we performed evolutionary rate correction by aligning the peaks in different genomes corresponding to the ECH event to the same locations (see Transparent Methods for details) ( Figure 1B ; Table S10 ). The present correction aligned the ECH peaks to the same location, correcting rate differences that have accumulated after the ECH event between rosids and asterids. Supposing that the ECH occurred at $115-130 million years ago (Mya) (Jiao et Sequencing Consortium et al., 2011; Paterson et al., 2012) , we inferred that the ART event occurred at $18-20 Mya and the AAT event occurred at $50-57 Mya. In addition, we inferred that kiwifruit (asterids) and grape (rosids) ancestors split at $83-94 Mya, and then kiwifruit (campanulids) and coffee (lamiids) ancestors split at $71-81 Mya. Therefore, the tetraploidization events might be shared by Actinidiaceae plants after the separation of Actinidiaceae and Roridulaceae sisters at 84.8 Mya (Magalló n et al., 2015) .
Balanced Gene Expression between Duplicated Chromosomes
Balanced gene expression was observed between duplicated copies of chromosomes produced in AAT and ART (Tables S11A-S11D ). In AAT, between duplicated copies of chromosomes, 38.1% duplicated genes show no difference in gene expression, and the significantly diverged-expressed genes are distributed without significant difference. Between the ART duplicated copies of chromosomes, 33.7% and 40.1% of duplicated genes show no difference in expression and the significantly diverged-expressed genes are distributed without significant difference.
Ascorbic Acid (Vitamin C) Biosynthesis and Recycling Pathway
To check whether recursive polyploidization contributed to the expansion of key traits, such as the ascorbic acid (VC) biosynthesis and recycling pathway in kiwifruit, we used 18 VC-related previously reported gene families as seeds and detected their homologs in grape, coffee, and kiwifruit at BLASTP E < 1e-10 and a score greater than 150 (Table S12 ). Kiwifruit had the most VC-related genes (123), 3.5-6.5 times more than in coffee With grape as a reference genome, genomic paralogy, orthology, and outparalogy information within grape and with coffee and kiwifruit are displayed in 18 circles. The curved lines within the inner circle, colored according to the 7 ancestral eudicot chromosomes , link paralogous pairs on the 19 grape chromosomes produced by the ECH. The short lines forming the innermost circle represent all predicted genes in grape, which have 2 sets of paralogous regions, forming another 2 circles. Each of the 3 sets of grape paralogous chromosomal regions has 1 orthologous copy in coffee and 4 orthologous copies in kiwifruit. Therefore, the 3 genomes result in 18 circles in the figure. Circles are respectively denoted by V, C, and K, corresponding to source plants in Figure 3 . Homologous genes are denoted by short lines standing on a chromosome circle and are colored according to the chromosome number in the source plant shown in the inset legend.
and grape. Notably, 72.22%, 66.67%, and 61.11% of VC-related genes could be located at paralogous chromosomal locations related to the 3 polyploidization events (ART, AAT, and ECH), respectively. The gene copy numbers increased by 56 (44.53%) through the ECH, 35 (28.46%) through the AAT, and 52 (42.28%) through the ART. Moreover, among 18 VC-related families, 11, 12, and 13 of them exhibited an expansion after the ECH, AAT, and ART events, respectively. Specifically, for 22 kiwifruit GalUR-related genes, we found that 36.36%, 45.45%, and 27.27% of the copies were located in paralogous chromosomal regions related to the 3 polyploidization events (ART, AAT, and ECH), respectively. Comparatively, there are only 11 and 3 genes in grape and coffee, respectively.
DISCUSSION About Deciphering Complex Genomes
Plants often have complex genomes, due to recursive polyploidization and genome repatterning (Soltis et al., 2014; Soltis et al., 2015) . This makes it difficult to deconvolute their genome structures, understand their formation, and explore their gene functional evolution. Here, we used a recently proposed pipeline to reanalyze the kiwifruit genome and showed that the kiwifruit genome was affected by 2 tetraploidization events. The pipeline features of integrative use of homologous gene dotplots and sequence divergence analysis make it possible to distinguish orthologous regions and (out)paraologous regions while comparing the genome under study with a well-characterized reference genome, or to distinguish paralogous regions in the studied genome resulting by different events. Therefore, this would help find the orthology (and outparalogy) ratio between genomes.
The produced event-related list of homologous genes among genomes is often very helpful in that it provided information about the origin and expansion of genes. Although it may not be complete as it does not include all genes produced by these events due to widespread fractionation over time, the list tells how and when a pair of homologs were produced and diverged, and whether there has been likely gene loss after certain events. Therefore, it can be useful information to reveal the evolutionary and function-innovation trajectories of genes, gene families, regulatory pathways, and economically and agriculturally important traits. As an example, we showed that genes related to VC biosynthesis and recycling pathway were expanded through each polyploidization event. By integrating more sophisticated phylogenetic and evolutionary analyses, many valuable genes could be re-checked at certain phylogenetic nodes to clarify specific evolutionary changes correlated with their functional innovation.
Two Likely Auto-Tetraploidization Events
A large number of genome sequencing analyses have shown that almost all plants on the earth have a polyploid ancestor. It has been proposed that polyploidization has contributed to the origin, divergence, and success of seed and flowering plants (Jiao et al., 2011) and their domestication (Kellogg, 2016 The above-mentioned findings of balanced gene loss and balanced gene expression between the subgenomes in each tetraploidization event suggest little if any dominance between members of homologous chromosome pairs, which raises the likelihood of the 2 events, AAT and ART, being autotetroploid in nature.
Here we observed much lower evolutionary rates in kiwifruit genes when compared with the coffee homologs. This may be explained by the prolonged generation time of kiwifruit, which might further relate to auto-tetraploidization, as discussed below. Often, elevated evolutionary rates of genes are observed after polyploidization (Wang et al., 2016; Paterson et al., 2012) . This may result from homoeologous recombination between duplicated chromosomal regions. Theoretically, the existence of a duplicated copy would buffer mutations in a gene. Therefore, allo-polyploidization would increase evolutionary rates due to homoeologous recombination and the existence of extra gene copies. However, (genetic) auto-tetraploidization results in multiple copies of homologous chromosomes, causing multisomic inheritance (Doyle and Egan, 2010) . Multisomic inheritance, with multiple homologous chromosomes to interact and pair with one another in a reticular manner, may prolong the cell cycle time and therefore the generation time. In contrast, allopolyploids, although having doubled chromosomes, execute diploid inheritance and do not have prolonged cell cycle time or generation time. Actually, the effect in evolutionary rates may be a key difference between auto-and allopolyploids.
Autopolyploids may suffer from reduced fertility, whereas allopolyploids are thought to have advantages during the establishment phase owing to their potential for heterosis. These thoughts are consistent with the observation (Barker et al., 2016 ) that more crops are allopolyploid (e.g., wheat, cotton, tobacco, strawberry, and oilseed rape) than autopolyploid (e.g., potato, sugarcane, and banana). Based on information from sequenced genomes, maize, wheat, and the common ancestor of grasses were proposed to result from allopolyploidy, with only the most recent duplication in sugarcane proposed to be autopolyploidy (Schnable et al., 2011; Chalhoub et al., 2014; Mayer et al., 2014) . Recently, we provided genomic evidence that soybean and Salicaceae plants may have autopolyploid origin Liu et al., 2017) . Here, the observation of balanced fractionation throughout the subgenomes after each of the AAT and ART provided evidence of their likely auto-tetraploidization nature. This is a singular observation so far in all sequenced genomes. However, we have to note that widespread genomic fractionation over millions of years does not allow the credible inference of auto-or allopolyploidy (Doyle and Egan, 2010) (Woodhouse et al., 2010).
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. Wang, J., Sun, P., Li, Y., Liu, Y., Yu, J., Ma, X., Sun, S., Yang, N., Xia, R., Lei, T., et al. (2017) . Hierarchically aligning 10 legume genomes establishes a family-level genomics platform. Plant Physiol. 174, 284-300.
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TRANSPARENT METHODS

Materials
Genomic sequences and annotations were downloaded from the respective websites for each genome project, for which complete information can be found in Table S13 .
Transcriptome data of 4 kiwifruit tissues (Mature leaves, immature fruits (20 days after pollination (DAP)), mature green fruits (120 DAP) and ripe fruits (127 DAP)) from a 5-year-old 'Hongyang' plant generated by Huang et al. was obtained from the NCBI Short Read Archive (https://www.ncbi.nlm.nih.gov/sra/?term=SRA065642) .
Gene colinearity
Colinear genes were inferred by using ColinearScan (Wang et al., 2006 ), a statistically well-supported algorithm and software. Maximal gap length between genes in colinearity along a chromosome sequence was set to be 50 genes apart, as adopted in many previous studies (Wang et al., 2005; Wang et al., 2015; Wang et al., 2016a; Wang et al., 2016b; Wang et al., 2017) . Homologous gene dotplots within a genome or between different genomes were produced by using MCSCANX toolkits (Wang et al., 2012) , of which the corresponding author contributed to direct development. The gold-standard pipeline to decipher complex genomes was carefully followed as described previously .
Construction of an event-related, colinear gene table
To construct the table with the grape genome as a reference (Table S6) , all grape genes were listed in the first column. Each grape gene may have two extra colinear genes due to the hexaploidy of the genome, and we assigned two other columns in the (Table S7) .
Nucleotide substitution
Evolutionary divergence between homologous genes and kernel function analysis of Ks was estimated as described previously (Wang et al., 2018; Wang et al., 2015) .
Calculation of Gene Expression Levels
For all expression sets, reads were aligned to the kiwifruit genome using hierarchical indexing for spliced alignment of transcripts (HISAT2) (Kim et al., 2015) . The align results were sorted and transfer 'bam' to 'sam' format by SAMTOOLS (Li et al., 2009) . Following the alignment, estimates the expression levels for each kiwifruit gene model using StringTie (Pertea et al., 2015) .
Evolutionary dating correction
By aligning the peaks of the kiwifruit, coffee, and grape ECH events from different Ks distributions with the corresponding location in the grape Ks distribution, we performed evolutionary rate correction. Supposing that the grape and kiwifruit peak appears at VK k and that the peak for coffee appears a C k , the relative evolutionary rate of coffee can be described with
We then performed rate correction to find the corrected rate correction -C k of coffee relative to VK k : (1) For the Ks between duplicates in coffee, we can define the correction coefficient
therefore, we get
(2) For the Ks between homologous genes from grape (kiwifruit) and coffee, if the peak was located at
, supposing the correction coefficient C W in coffee, we then calculated a corrected evolutionary rate See the legends of Table S3 .
SUPPLEMENTAL TABLES
In non-diagonal cells, gene numbers in two corresponding species are shown, from vertical and horizontal lists respectively. Table S5 With coffee as a reference genome, genomic paralogy, orthology, and outparalogy information within kiwifruit is displayed in four circles. Detailed notation and explanation can be found in the legend of Figure S5 . 
SUPPLEMENTAL FIGURE LEGENDS
Related to Figure 5,
Rates of retained genes in sliding windows of grape homoelogous region group 1 (red), homoelogous region group 2 (black), homoelogous region group 3 (green), homoelogous region group 4 (blue), and large patches of chromosomal segmental losses (yellow) are displayed.
